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Project goals

Following a national research programme investi-
gating the behaviour of BWR spent fuel under total
loss of coolant conditions [1] the US NRC together
with the NEA-OECD conducted an international
programme to investigate the behaviour of proto-
typical PWR spent fuel under similar conditions.
The spent fuel experiments also revealed strong
nitriding behaviour under oxygen starvation, fol-
lowed by re-oxidation of the nitride when oxygen
is again present later. These phenomena motivate
the development of model for the reactions involv-
ing nitrogen and nitride. Investigation of nitride
formation has recently begun, with the objective
of developing a model for nitride formation.

In addition, the events at the Fukushima Daiichi
station, especially the accident of unit-4, under-
lined the need for further investigation of spent
fuel behaviour under long term loss of cooling and
also a continued improvement in our understand-
ing of severe accident behaviour and of the model-
ling tools used for accident analysis.

In parallel, PSI developed a new oxidation model to
capture the accelerated oxidation that is observed
to occur in air, and also in steam at low to moder-
ate superheating characteristic of spent fuel uncov-
ery conditions. At present the model does not rep-
resent the role of nitrogen except as a catalyst for
oxidation by oxygen or steam, and hence does not
capture the observed nitride formation. The exist-
ing PSI model provides a launchpad for develop-
ment of a model for zirconium nitride formation.
The goals of the present project are:

To acquire knowledge of the reactions of zir-
conium-based cladding in mixtures of steam
and/or oxygen with nitrogen for a wide
range of conditions and initial oxidation
state.

To extend the existing air oxidation model to
include reactions with nitrogen in a suffi-
ciently general way to cover all likely tran-
sient conditions.

Work carried out
and results obtained

OECD SFP Project

The OECD SFP project continued until February
2013 with the successful completion of the bench-
mark study on Phase 2 and the final seminar on
227 and 23 of October 2013. PSI participated in

the benchmark with simulation using MELCOR in
which the PSI oxidation model was implemented.
Phase 2 provided an opportunity to study the cold
neighbour fuel assembly arrangement in (compari-
son with Phase 1 hot neighbour) and to address
the lateral spreading of the zirconium fire from
high temperature to lower temperature areas, thus
extending the assessment base for the severe acci-
dent codes — ASTEC, ATHLET-CD, MELCOR were
used in the study [2], [3].

The outcome of the benchmark was that all the
codes described the experiments well until ignition
of the zirconium fire, after which the results
diverged both code-code and user-user. The SFP
configuration and transient conditions lie outside
those for which the codes were originally designed,
requiring very particular guidelines to represent the
processes adequately within the scope of the code
models. Examples are the lateral radiation between
fuel assemblies of very different power ratings that
led to the large temperature gradients observed in
phase 2, and the racks separating the assemblies
which are specific to SFP and not part of any reac-
tor configuration The MELCOR simulations were
representative of other codes; the PSI analyses
were previously described. Also — except ATHLET-
CD —there is no model of nitriding. Separate effect
tests are needed to provide an adequate data base
for the development of such a model.

The experimental results were used to assess the
PSI air oxidation and breakaway model developed
for the implementation in SCDAPSim and MELCOR
and compare its results with the Sandia model for
breakaway in an air environment. As well as imple-
mentation in a local version of MELCOR 1.8.6 YV
3084, a special version of MELCOR 2.1 (5101) also
includes the PSI model [4]. Additional sensitivity
options for breakaway in the PSI oxidation model
have been also implemented to address remaining
uncertainties [5]. Assessment studies using the
data of the SFP project, QUENCH and PARAMETER
data are ongoing.

Using the thermal hydraulic boundary data received
from the SFP project several calculations were exe-
cuted to investigate the behaviour of spent fuel
stored in different ways like hot neighbour and
cold neighbour storage (Fig. 1).

In Fig. 2 the time of ignition is shown for this two
storage types and it can be seen, that the heat sink
in the cold neighbour storage drastically reduces
the danger of ignition of the cladding of the spent
fuel. However, the oxidation continues below igni-
tion temperature with kinetics following a linear
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Fig. 2:Calculated time to ignition for different heat loads
of spent fuel assemblies in air for hot and cold neighbour
configuration.

variation with time, such that integrity of the clad-
ding will be lost due to complete oxidation within
about one week (Fig. 3). This is in contrast to the
parabolic kinetics adopted in the Sandia correla-
tion which would not lead to complete oxidation
even after several weeks [6].

Zirconium nitride modelling

Very recently, a PhD project has been launched at
PSI, to develop a model for nitrogen reactions in an
air or steam-nitrogen environment. The work has
begun with a summary review of the basic princi-
ples, knowledge and sources of data [7].
Previously, many separate effect tests have been
performed mainly at KIT and IRSN. Also, the inte-
gral tests were conducted in the frame of
QUENCH-10 and -16. Through these air oxidation
tests the nitride formation was observed under
oxygen starvation and two major roles of nitrogen
were identified.

The first role of nitrogen is the cladding degrada-
tion by forming a micro porous oxide scale due to
the differences between the molar volumes of ZrN
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Fig. 3: Oxide layer growth and peak cladding temperature
with 8 kW heat load spent fuel bundle in cold neighbour
configuration using PSI and Sandia breakaway model, not
reaching ignition temperature.

and ZrO,. Through the pores by the ZrN inclusions
in the oxide scale the oxygen could easily access
and oxidizes the ZrN. During ZrN reoxidation ZrN is
converted to ZrO, and hence oxide scale experi-
ences the stresses due to the volume expansion
and it leads to macro cracked oxide.

The second role of nitrogen is the exothermic heat
release from the ZrN formation and reoxidation.
The heat released from ZrN formation and reoxida-
tion is same as the heat from oxidation by oxygen.
Furthermore, a self-sustaining nitrogen-assisted
degradation, ZrN—-ZrO,—»ZrN—...—ZrO, would be
likely to occur, following oxygen starvation condi-
tions and subsequent reflood, which may have a
large impact in the amount of hydrogen produced
during reflood.

Currently some reactor system codes represent the
nitrogen-driven cladding degradation as a catalyst
effect by modelling the enhanced diffusion of oxi-
dant and hence accelerated kinetics. However
most reactor system codes do not implement ZrN
formation heat release and none of them repre-
sents the ZrN reoxidation heat release.

Fig. 1:

Hot neighbour and cold
neighbour spent fuel
storage according SFP
experiments in phase |
and phase |l.




The PhD is intended to address the most important
knowledge gaps by means of a coupled experi-
mental and analytical investigation. A first series of
experiments will be performed in the beginning of
2014 under a range of thermal and oxidation
states and prior histories. Analyses of the data will
identify the dominant phenomena and hence pro-
vide the basis for a new oxidation/nitriding model.
The model will be assessed using the data obtained,
and the results will be used to specify conditions
for further experiments and model refinement.

National Cooperation

The PhD project includes collaboration with ETH
Zurich.

International Cooperation

The SFP project was organized by OECD-NEA with
US NRC as operating agent.

The recently launched PhD project includes collab-
oration with Karlsruhe Institute of Technology.

Assessment 2013 and
Perspectives for 2014

The SFP project provided a strong and extensive
data base for code assessment in the area of spent
fuel accidents. Important outcomes of the experi-
ments were the importance of nitrogen as a chem-
ical active species during air oxidation and a driver
for the loss of structural integrity of the oxidised
cladding. Simulation of SFP sequences indicate
major concerns if fuel assemblies are exposed to
steam-air or steam-nitrogen mixtures for more
than a few days.

There is currently no model in MELCOR for the
nitrogen chemistry. A PhD project has been
launched at PSI to develop such a model to be
implemented in the severe accident codes later.
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